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Abstract

Anharmonic vibrational frequencies and intensities are calculatt

(HCI)n(NH3) n and (HC1)n(H20) n complexes, employing the correlati

vibrational self-consistent field method with ab initio potential surfaces

computational level. In this method, the anharmonic coupling between

included, which is found to be important for the systems studied. For t

complex, the vibrational spectra are calculated at the harmonic level, an

are estimated. Just as the (HCI)n(NH3) n structure switches from hydr

for n=2, the (HCI)n(H20) n switches to ionic structure for n=4. For (l-

lowest energy structure corresponds to the hydrogen-bonded form. Hc

of the ionic form are separated from this minimum by a barrier of less,

quantum. This suggests the possibility of experiments on ionization d3

excitation of the hydrogen-bonded form. The strong cooperative effect

bonding, and concomitant transition to ionic bonding, makes an accurat

of the large anharmonicity crucial for understanding the infrared spectl

The anharmonicity is typically of the order of several hundred wave nu

stretching motions involved in hydrogen or ionic bonding, and can also

intramolecular modes. In addition, the large cooperative effects in the 2

(HC1)n(H20) n complexes may have interesting implications for solvat

halides at ice surfaces.
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Introduction

Recently,therehasbeenconsiderablework ontheissueof spontaneousdissociative

ionizationof moleculesin smallclustersandonsurfaces.Thiswork is motivatedbothby

fundamentalquestionsregardingsolvationin smallsystemsandby practicalquestions

regardingtheroleof iceparticlesin atmosphericchemistry.Thecalculationsandexperiments

necessaryto studytheseissuesalsohappento benearthefrontierof ourtechnicalability.

High resolutionspectroscopicstudiesof hydrogen-bondeddimershavebeenpossible

for almostthirtyyears.Thereisaconsiderableliteraturedevotedto thehydrogenhalide,water

andammoniadimers.Thestructures,tunnelingfrequenciesandmuchof theinfraredspectra

havebeenpreciselymeasured.Thereis lessdata,especiallyin theinfraredregion,onmixed

dimersandhigherclusters.Onedifficulty, from anexperimentalpointof view, is thatthe

infraredspectraof suchspeciesareextremelyanharmonic,andthismakesthesearchfor such

spectrausingmolecularbeammethodsquitedifficult. Of course,it isexactlythishighdegree

of anharrnonicitythatmakesthespectrasointeresting.Thusit is highlydesirableto improve

theaccuracyof theoreticalpredictionsof the infraredspectrainorderto facilitateexperimental

work.

Thereisa longhistoryregardingtheabinitio calculationof infraredspectra,andthe

casualuserof commonprogramsmightbeledto believethatsuchcalculationsarenow

routine•Indeed,therehasbeenatremendousamountof workon theability of increasing

basissetsizesandcorrelationcorrections(togetherwith theuseof empiricalscalingfactors)

to produceagreementbetweenexperimentandtheory1.However,this is thecaseonly in

nearlyharmonicsystems•In thecaseof weaklyboundcomplexes,anharmoniceffectsare

verysignificantandhavetobeaccountedfor explicitly•Recently,ourgrouphasshownthat

theerrorsdueto incompleteanalysisof anharmonicityareoftenmuchlargerthantheerrors

• 2,3
dueto incompletebasissetsorcorrelationcorrections .Theseanharmonicitycorrections

areespeciallyimportantfor hydrogen-bondedsystems,for whichsmallatomicmotionscould



inducesignificantchargetransfer,i. e.structureswith muchincreasedpartialchargesonsome

of theatoms.

In thispaper,weexaminetwo systemsinconsiderabledetail:ammonia/hydrogen

chlorideclustersandwater/hydrogenchlorideclusters.Eachof thesesystemshaspreviously

beenstudiedbybothexperimentalandtheoreticaltechniques.However,theroleof

anharmonicityhasnotbeenexplicitly consideredin thesepreviousstudies,with theexception

of work of Del BeneandJordanon the 1:1 H3N.-.HCI complex 4'5.

Tao 6 has recently performed high level ab initio calculations on the structures of

(HCI)n(NH3) n, where n - 1, 2 and 4. Tao and colleagues 7'8 have also studied the role of one,

two or three water molecules on the bonding between NH 3 and I-IF, HCI and HBr. It was

shown that the structure of the (HC1)n(NH3) n complexes changes from hydrogen-bonded to

ionic between n = 1 and n = 2. Tao points out that although the hydrogen bond is

significantly stronger than the ionic bond for the mixed dimer, ionic bonding is more effective

in the mixed tetramer due to the fact that ionic bonding, unlike hydrogen bonding, is not

directional. Thus, in the mixed tetramer there can be considered to be four ionic bonds, where

only two hydrogen bonds would be possible. Although the mixed dimer is hydrogen-bonded,

-] .

the calculated harmonic H-CI vibrational frequency changes from 3091 cm m free HCI to

-1
2598 cm in the mixed dimer 7. This dramatic shift indicates that already for the mixed dimer

the bonding strongly perturbs the individual constituents of the complex. Also, the large shift

probably accounts for the fact that the infrared spectrum of NH3-HCI has yet to be measured

in the gas phase. Cherng and Tao 9 also performed similar studies for (HF)n(NH3) n and

(HBr)n(NH3) n and showed that the transition from hydrogen bonding to ionization occurs at
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7,8
n=2 for HBr andn=4 for HF. In addition,Taoandcolleagues ,aswell asBiczyscoand

Latajka10, foundthatsolvationof theNH3-HCIby two watermoleculesis enoughto ionize

thecomplex.Only onewatermoleculeisnecessaryto stabilizetheionic form of NH3-HBr,

andthreewatermoleculesarenecessaryto inducetheionizationof NH3-HF. Del Beneand

Jordan4haveexaminedtheeffectof anharmonicityon theNH3-HX bondsby creatingatwo

dimensionalpotentialenergysurfaceattheMP2ab initio levelandsolvingfor thevibrational

functionson thisreduceddimensionalitysurface.Theyfoundthattheeffectof anharmonicity

growssubstantiallywhengoingfrom HF to HCI to HBr complexeswith NH3.

11 12
Vibrationalspectrafor H3N-HCIhavebeenmeasuredin nitrogen , argon and

13neon matrices,but theassignmentof thesespectrais difficult 11.TheH-CIstretching

frequencyis foundto beextremelysensitiveto thematrixenvironment,rangingfrom 2084

-1 . -1 -1cm m Ne to 1371cm in Ar to 705 cm in N 2. Del Bene and Jordan 4 analyzed the

perturbation of the H3N-HCI complex by three Ar and three Ne atoms and found only a very

small effect (40 cm -1) of rare gas atoms on the H-CI frequency. However, they note that the

presence of Ar atoms stabilizes the proton-shared region of the potential energy surface of

H3N-HCI with a longer H-CI bond. This proton-shared hydrogen-bonded structure may

become more stable than the "normal" gas-phase hydrogen-bonded structure as the number of

Ar atoms increases. This may lead to the unusually large Ar matrix effect as compared to the

presumably smaller Ne matrix shift. In their more recent study, Jordan and Del Bene 5 showed

that external electric fields stabilize more polar (proton-shared and ionic) structures, which may
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explaintheeffectsof differentmatrixenvironmentson thestructureandvibrationalfrequencies

of theH3N-HC1complex.

HCI solvatedby asmallnumberof watermoleculeshasalsoreceivedconsiderable

attention.Themicrowavespectrumof HCI-H20wasfirst reportedin 198314.Thestructureof

thedimerisclearlythatof ahydrogen-bondedspecies.However,thedatawerenotsufficientto

probetheeffectof thehydrogenbondingon theH-C1bondlength.The changein theH-CI

bondlengthstill cannotbedeterminedfrom amorecompletestudyof 14isotopomers,although

themorecompetedatahelpsto mapout thebendingpotentialanddeterminesthedipole

momentof thecomplexto be3.44D15.Thedipolemomentis 0.81D morethanthesumof the

dipolesof theconstituents,andanalysisof thehyperfinestructureshowsthattheenhancement

is mainly localizedto theHC1constituent.A matrixisolationstudyof HCl(H20)ncomplexes

suggeststhatcomplexationby fourwatersis notenoughto inducedissociationof theHC116.

Ab initio calculationsof HCI(H20)n complexes17"19showthatn=1-3clustershavenon-ionic

associatedstructures,whileall isomerswith n=5alreadyhavedissociatedstructures.Thecase

of n--4is intermediate,with bothassociatedanddissociatedstructuresfound.

Therehaverecentlybeenavarietyof studiestounderstandtheinteractionof hydrogen

halideswith icesurfaces20"23.Althoughthetheoreticalstudiesgenerallyconcludethat

isolatedhydrogenhalidemoleculesdissociateoncontactwith icesurfaces,therearesome

disagreementsregardingtheexactmechanism,whichprobablyvariesamongthehydrogen

halides.Sofar,theexperimentalevidenceis thatisolatedDCI doesnotspontaneously

dissociateonacoldicesurface24.However,theremaybesomeevidencethatclusteredHC1

candissolvein iceparticles25.



A similarseriesof studieshaveaddressedtheissueof ionizationof saltmoleculesby

smallwaterclustersandonsurfaces.Peslherbeet al. foundthatNaIexistsascontaction

pairs,evenin fairly largeion c!usters26. PetersenandGordon27foundthesameto betrue

for NaC1.In contrast,Jungwirthfoundthatasfew assixwatermoleculesaresufficientto

causetheNa+ andCI"ionsproducedby thesolvationof NaCIto separateto far endsof the

cluster28. Of course,thesestudiesinvolvesomewhatdifferentconditionsandassumptions.

However,theyillustratethatourunderstandingof ionpair formationin smallclustersisstill

in thenascentstage.Thisreinforcesourdesireto furtherdevelopandtestourmethodfor

handlingtheextremeanharmonicityassociatedwith suchprocesses.

Themainobjectiveof ourpresentstudyis to computetheanharmonic vibrational

spectra of (HC1)n(NH3) n and (HC1)n(H20) n clusters using ab initio potential energy

surfaces. Recently, we have developed an algorithm that combines anharmonic vibrational

spectroscopy with direct calculation of ab initio potentials 2. The method accounts for

anharmonicities and couplings between vibrational modes using the Correlation Corrected

Vibrational Self-Consistent Field (CC-VSCF) approach 29 and, therefore, provides a superior

alternative to the existing techniques based on scaling the harmonic vibrational frequencies.

This method was applied to a number of hydrogen-bonded systems 3 using the potentials

obtained at the MP2/TZP level of ab initio theory and was shown to provide reasonably

accurate anharmonic frequencies (with typical deviations from experimental values of the

order of 30 - 50 cm-1). In the present study, we apply this direct ab initio CC-VSCF method

to obtain anharmonic vibrational spectra of hydrogen-bonded and ionic clusters of

ammonia/hydrogen chloride and water/hydrogen chloride. The calculated vibrational spectra

can assist possible experimental identification of such clusters in the future.



Methodology

All abinitio calculationsof thehydrogen-bondedandcharge-separatedcomplexesof

HCI with H20 andNH3areperformedusingthesecond-orderM¢ller-Plesset(MP2) levelof

electronicstructure theory 30 within tbe electronic structure package GAMESS 31. The

equilibrium geometries of the complexes are optimized using analytic gradients. Second

derivative (Hessian) matrices are calculated numerically using double differencing of analytic

gradients. Several basis sets are used to obtain equilibrium structures and to estimate binding

energies of smaller (l:l) complexes: Dunning-Hay double-_ + polarization (DZp)32;

Dunning's triple-_ + polarization (TZp)33; TZP with diffuse functions (TZ++P); and

augmented correlation-consistent valence triple-_ (aug-cc-pVTZ) 34. The DZP basis set is

found to somewhat overestimate lengths of hydrogen bonds (by about 0.05-0.07 /_,) and

underestimate elongation of H-CI distances due to hydrogen bonding (by about 0.01-0.02 ._).

On the other hand, the TZP basis set is found to predict equilibrium geometries and harmonic

frequencies of small complexes well (compared with the larger correlation-consistent triple-_

set), and this basis set is chosen to study larger (2:2 and 4:4) complexes. The TZP basis set is

also used in this study to obtain potential energy values for anharmonic vibrational frequency

calculations.

Anharmonic vibrational frequencies are obtained using Vibrational Self-Consistent

Field (VSCF) method35, 36 and its Correlation Corrected (CC-VSCF) extension via second-

order perturbation theory 29. The calculations are performed using the combined ab initio /

VSCF approach described in detail previously 2 and implemented in the electronic structure

package GAMESS 31. This method employs a grid over a region of the space of normal

coordinates, which covers the domain of nuclear configurations relevant to the vibrational
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statescomputed.Thepotentialenergyvaluesarecomputedfor thesegrid pointsdirectlyfrom

theabinitio program.

TheVSCFmethodis basedonaseparabilityapproximation35,36, thatreducesthe

problemof solvingtheN-dimensionalvibrationalSchr6dingerequationfor theN-mode

systemto solvingN single-modeVSCFequationsof theform:

1 o3_ -- )(Q/)]I/t_.,) (.,)
(1)

where V:_"')(Qj) is the effective VSCF potential for mode Qj :

\ _*J I t.j /

V(Q_ ..... QN) is the full potential of the system. The total vibrational state of the system in this
N

(n_)
approximation is given by _ = 1--I _J (QJ).

J

The above (1)-(2) equations are solved self-consistently. The resulting solutions are

further corrected for correlation effects between the vibrational modes using second order

perturbation theory (CC-VSCF) 29.

The following approximation for the potential is used29: the potential of the system is

represented by the sum of separable (single mode) terms and pair coupling terms, neglecting

interactions of triples of normal modes and higher-order interactions

N N-I N

v(o,.....oN)=Y.v:°'(e,)+Z Y- (3)
j i j>i

Experience from previous applications to other hydrogen-bonded systems supports the

validity of this approximation, though in principle it must be tested carefully for each new

system 3. "Diagonal" (single-mode)terms V_aiag(Qj)= V(O,...,Qj ..... o) and the

pairwise mode-mode coupling terms V,:'"p (Q,, Qj ) = V( 0 ..... Q_..... Qj ..... 0) - V '_iae(Q_) - V Jiog(Q)

are calculated directly from the ab initio program on 8 point grids along each normal

coordinate, and on 8x8 square grids for each pair of normal coordinates. This requires

computation of 8*N + 64*N(N-1)/2 points on the potential energy surface of each molecular
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systemwithN normalmodes.Thecalculatedab initio potentials are interpolated into 16 and

16x 16 point grids and used for numerical solution of the one-dimensional VSCF equations

(employing the collocation method of Yang and Peet37). This technique was shown to work

reasonably well for water clusters and other hydrogen-bonded systems studied previously,

and to predict anharmonic frequencies for the highest frequency stretching vibrations with the

-1
accuracy of 30-50 cm compared with experiment 3.

In addition to anharmonic vibrational frequencies, the anharmonic IR intensities are

calculated using the ab initio dipole moments computed along the normal coordinates Q_:

8n'3Na ogil(_°'(Q )l_t(Qi)l_"'(Qi))l 2 (4)
I,- 3hc

where co/ is the VSCF vibrational frequency for the normal mode i; I/t_°_and Igl ") are VSCF

wave functions for the ground and the m-th excited vibrational states.

Results and discussion

(HC1)'(NH3) complex. Equilibrium geometries of the 1:1 and 2:2 complexes of HC1 and

NH3 molecules, obtained at the MP2/TZP level of ab initio theory, are shown in Figure 1.

Also shown are partial charges, obtained using the L6wdin population analysis 38. The

dissociation energies (De) of these complexes, estimated at the MP2 level with different basis

sets, including the effects of the basis set superposition error (BSSE), are presented in Table

1. The bond lengths shown in Fig. 1 and the dissociation energies presented in Table 1 are in

good agreement with those calculated by Tao at the MP2/6-311 ++G(2d,p) level of theory 6.

Both Tao's and our calculations predict that the 1:1 complex has a hydrogen-bonded

structure with a rather strong hydrogen bond. Its bond distance is found to be R= 1.78/_, at

the MP2/TZP level of ab initio theory used in this paper. A calculation with a larger, aug-cc-

pVTZ, basis set predicts a somewhat shorter value, R = 1.74 _,. The N-C1 distance obtained at

the MP2/TZP level is 3.10/k, which is in a good agreement with the experimental value of

3.14 A, for R0(N-CI)39. The H-C1 distance in this structure is elongated by about 0.045 _,
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comparedwith theisolatedH-C1molecule,whileN-H distancesarelessperturbedandare

closerto thosein isolatedNH3 (1.012vs.1.009A). As follows fromthecalculatedpartial

charges,theHCIcomponentin thiscomplexhassubstantiallylargerionic characterthanthe

isolatedHC1.It will beshownfurtherthattheseelectronicstructurefeatureshaveastrong

effecton thevibrationalspectrumof thiscomplex.Thedissociationenergy(De)of the1:1

complexpredictedbythehighestlevelcalculationemployedin thisstudy(MP2/aug-cc-pVTZ

correctedfor BSSE)is 8.5kcal/mol,anenergycorrespondingto averystronghydrogen

bond.

Thecalculatedvibrationalfrequenciesandinfraredintensitiesfor fundamental

excitationsof the 1:1H3N...HC1complexarepresentedin Table2,alongwith thedatafor the

isolatedHC1andNH3 moleculespresentedfor comparison.Thefirst twocolumnsof the

Table2 list harmonicandanharmonic(CC-VSCF)frequencies,andthethirdcolumn

representsIR intensitiescalculatedusingVSCFwavefunctions.Thesameinformationis

givenfor theisolatedHC1andNH3 fragments,alongwith theexperimentalfrequencies.It can

beseenfrom Table2 thatthestretchingandbendingfrequenciesof theNH3 moleculedonot

changeverymuchuponthecomplexationwithHC1.Ontheotherhand,thefrequencyof the

H-C1stretchdecreasesdrastically(by morethan800cm-1)upontheformationof the

complex(from2949downto 2113cm-1).Thisdrasticchangeis alreadynoticeableatthe

harmoniclevel(wherethefrequencydecreasesby about600cm-1), but it isconsiderably

enhancedwhenanharmoniceffectsareincluded.This is dueto themuchhigher

anharmonicityof theelongatedH-CI bondin thehydrogenbondedcomplexascomparedto

theisolatedHCI molecule.Theintensityof this transitionalsoincreasesdramatically,from 28

km/molin the isolatedHCI to 1692km/mol in thecomplex.Giventhatthefundamental

frequenciesaresoanharmonic,it seemslikely thattheovertonetransitionscouldalsohavea

reasonableintensity.Indeed,thefirst overtonefrequencyfor theH-C1stretchin the

H3N--.HCIcomplexisestimatedto bearound3900cm-1andits intensityis foundto bequite

high,66km/mol. A list of theovertonefrequenciesandintensitiesis giveninTable3.
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The structural results obtained for the H3N---HCI complex are in good agreement with

previous studies; it is the calculated anharmonicities that break new ground. The anharmonic

effects are dramatic, especially for the H-CI stretching motion. Del Bene and Jordan 4 have

previously estimated the anharmonic effects for the 1:1 (HCI).(NH3) by solving for the

vibrational states on a reduced dimensionality potential surface, and obtained even larger

estimates for the anharmonicity than reported here. In their calculations, the fundamental

frequency for the H-CI stretch of H3N...HCI reduces from the harmonic value of 2541 cm -1

to 2278 cm -1 in the one dimensional approximation and to 1869 cm-lin the two dimensional

approximation 4. Our calculated value (2113 cm -1) is between these two values. Clearly this

molecule, which is very close to the borderline between hydrogen-bonded and ionic stracpares,

presents a severe test of the theory.

Similarly divergent results are obtained in matrix isolation spectroscopy. Ault and

Pimente111 assigned the H-C1 stretch for the 1:1 (HC1)-(NH3) complex to a transition at 705

cm -1 in a nitrogen matrix, and speculated that the overtone occurs at 1438 cm -1. Barnes et

al. 12 reviewed these assignments and concurred with only slight correction of the frequencies.

It seems very unlikely to us, however, that the overtone of such an anharmonic transition would

lie so close to twice the fundamental frequency. Barnes assigns the H-CI stretch to 1371 cm -I

in an Ar matrix. Thus the bonding is found to be extremely sensitive to the matrix environment.

This conclusion was recently reaffirmed by Andrews et al. 13 who measured the spectrum in a

neon matrix (where matrix effects are expected to be far smaller than in argon due to the much

smaller polarizability of neon) and found the H-CI stretch to be at 2084 cm -1 . Making an

analogy to the matrix dependence of the H-F stretch in H3N.-.HF complex, they postulate that

-1 .

the gas phase value of the H-C1 stretching frequency of H3N-..HCI is at about 2200 cm , m

good accord with our calculated value, but much higher than the two dimensional value of Del

Bene and Jordan 4.

Barnes et al. 12 assign the E-type NH3 rock mode to afrequency of 733 cm -1 in Ar,

and Andrews et al. assign this mode to 709 cm "1 in Ne. These are in reasonable accord with our
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calculatedvalue:818cm-1.Also, thecalculatedandmeasuredfrequenciesfor theE-typeNH3

stretchesarequiteclose;3450cm-1calculatedversus3420cm-1measuredin theargonmatrix.

In addition,ourcalculatedfrequencyfor theNH3umbrellamotionindicatesasignificant

increaseoverthefreemoleculevalue,in agreementwith thematrix results.Giventhesignificant

uncertaintyin thegasphasevaluesfor thevibrationalfrequenciesof H3N--.HC1,agasphase

searchfor thespectrumwill bequitedifficult. For initial identificationof thegasphasedimer,

theNH3 stretchingtransitionsaregoodcandidates.Thereis asmallfrequencyshiftandthe

transitionsarepredictedtobesignificantlymoreintensethanthosein freeammonia.

(HCI)2.(NH3) 2 complex. It was shown by Tat 6 that in contrast with 1:1 complex, the 2:2 and

4:4 complexes of HC1 and NH3 have ionic (NH4+CI -) rather than hydrogen bonded structures.

Our MP2/TZP calculations confirm the ionic structure for the 2:2 complex (see Figure 1).

I__wdin population analysis gives partial charges of-0.63 on Cl atoms. Each NH4 + fragment

has two free N-H bonds, whose bond lengths are close to those of the N-H bonds in the 1: 1

hydrogen-bonded structure and in the free NH3 molecule, and two N-H bonds that point

towards Cl ions and are elongated by about 0.05 _. The dissociation energy (De) of the 2:2

ionic complex with respect to 2 NH3 + 2 HCI is estimated to be about 43 kcal/mol at the

MP2/TZP level of theory (Table 1). The calculated harmonic and CC-VSCF vibrational

frequencies for the 2:2 ionic structure are listed in Table 4. It can be seen from the Table that the

four highest frequencies, which correspond to free N-H stretches, are only slightly (10 to 50

cm -1) lower than those of the free NH3 molecule. On the other hand, the next four stretching

frequencies, corresponding to elongated N-H bonds, are red shifted to a very large extent (by

1000-1300 cm-1) compared with the frequencies of the isolated NH3. Two of these stretching

vibrations, located at about 2460-2470 cm- 1 have very high intensities. These excitations (or the

corresponding overtones, which are calculated to be in the region of 4850-4900 cm" l ) are good

candidates for experimental observation. While it is not trivial to produce such tetramers, it may

be possible by using liquid helium nano-droplet technology.
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(HCI)'(H20) complex. Similar to the 1:1 complex of (HCI).(NH3), the (HC1)-(H20) complex

also has a hydrogen-bonded structure as shown in Fig. 2. However, the hydrogen bond from

HC1 to H20 is weaker than that to NH3 reflecting the smaller proton affinity of water compared

to ammonia. The length of the O...H hydrogen bond is 1.86 A, at the MP2/TZP level, with little

change upon increasing the basis set to aug-cc-pVTZ. This is longer than the hydrogen bond in

the ammonia complex ( 1.78 A,) and is shorter than the O...H hydrogen bond in the water dimer

(1.92 A,)3. The dissociation energy (De) of the H20.--HC1 complex is about 4 kcal/mol at the

highest level of theory used here (see Table 5). This is about half of the dissociation energy of

the NH3...HCI complex. The H-CI bond is not elongated to the same extent as in the complex

with ammonia, but is about 0.015 A longer than in the isolated H-C1 molecule. This is also

reflected in the vibrational spectrum. The H-CI stretch in H20..-HC1 is red shifted by about 200

cm -1 from the H-CI frequency of the isolated HCI and its intensity is enhanced by more than a

factor of 20! The H-C1 fundamental frequency for this complex is predicted to be around 2700

cm- 1. All calculated fundamental vibrational frequencies for H20---HCI complex are given in

Table 6. In contrast to the NH3...HC1 complex, overtone excitations for H20...HC1, listed in

Table 7, are predicted to have very low intensities.

(HCI)2.(H20)2 complexes. The situation is much more interesting in the 2:2 complex

(HC1)2-(H20)2. Here, both hydrogen bonded and ionic structures are found to be minima on

the potential energy surface at the MP2/TZP level of theory. Their equilibrium geometries are

shown in Fig. 3. The hydrogen-bonded structure has two very strong C1-H.-.OH2 hydrogen

o

bonds. The H-C1 bonds participating in this hydrogen bonding are elongated by about 0.036 A,

as compared with the free H-CI distance. This elongation is much larger than in the 1:1 complex

and the hydrogen bonds are much stronger. The hydrogen-bonded structure also has two

HOH---CIH hydrogen bonds, but these are over 0.6 ]k longer than the strong CI-H--.OH2

hydrogen bonds. Even taking the larger radius of the CI atom into account, the HOH...C1H
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bondsareclearlyrelativelyweak.Betweenthetwo stronghydrogenbondsandthetwo weak

ones,theoverallhydrogenbondingenergyis notquite4 timesthatof the1:1complex.It canbe

seenfrom Fig.3thattheionic structureis morecompactthanthehydrogen-bondedone.It has

substantialpartialcharges(about-0.5)ontheCI atoms.EachH3O+ fragmentin thisstructure

hastwoveryelongatedO-H bondsthatpointtowardstheCI ions.

ThecalculatedharmonicandCC-VSCFcorrectedvibrationalfrequenciesof the

hydrogen-bondedandionic structuresarelistedinTable8.Themostnoticeablefeatureof the

vibrationalspectrumof thehydrogen-bondedstructureisoneof theH-CI stretchesthathasvery

high intensity.Its anharmonicfrequencyiscalculatedto be2296cm-1,muchlower thanthe

H-C1stretchingfrequencyof the1:1H20.--HC1complex_d closerto the2113cm"1

frequencyof the1:1(HCI).(NH3).Theintensityof theH-CI stretchin the(HCI)2.(H20)2

complexiscalculatedto be70 timesthatof freeHCI. Therearealsotwo O-H stretchesthat

haveratherhigh intensitiesandthusmaybeobservable.Their calculated anharmonic

frequencies are 3673 and 3478 cm- 1. The vibrational spectrum of the ionic structure also has

many interesting features. Calculations predict several frequencies with high intensities: one of

the two free O-H stretches at about 3550 cm -1 and two out of four bonded O-H stretches at

about 2100 and 2000 cm- 1.

At the MP2/TZP level, the hydrogen-bonded isomer of (HCI)2-(H20)2 is bound by

about 23 kcal/mol with respect to the 2H20+2HCI limit, and the ionic isomer is 6.9 kcal/mol

higher in energy than the hydrogen-bonded one (Table 5). The minimum energy reaction path

is computed for the rearrangement between the ionic and the H-bonded isomers using the

intrinsic reaction coordinate (IRC) method 40 with the second order Gonzalez-Schlegel

algorithm 41 and a step size of 0.1 amul/2.bohr. This reaction path is shown in Figure 4. The

minimum corresponding to the ionic form is very shallow, and the barrier between the two

isomers is very low (less than 1 kcal/mol). Therefore, the ionic isomer is hardly stable in the gas

phase. However, the ionic minimum will have a dramatic impact on the vibrational level

structure, and it may be possible to design time-domain experiments in which the configurations
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pertinenttothe ionic formwill beaccessedin thedynamics.In addition,similar to the1:1

complexof HC1with NH3,theionic structureof (HC1)2.(H20)2maybecomemorestablethan

thehydrogen-bondedonein theenvironmentof raregasmatriceswith highpolarizabilities(i.e.

Ar or Kr).

Becauseof the largeredshift of theH-C1frequencyin thehydrogen-bonded

(HC1)2-(H20)2complex,itsexperimentalmeasurementmaybechallenging.Again,it maybe

thattheO-H stretchingmotionsof thenon-bondedwatermodescanbeusedto locateand

identifythemoleculesincetheyarereasonablystrongandshowasignificantshift fromthe

frequenciesof freewater. If thespectrumof themoleculecouldbeobtainedandassigned,it

wouldbeespeciallyexcitingsincethecomplexis soclosein energyto thehydrogenbondedto

ionic isomerizationthreshold.

(HCI)4.(H20)4 complexes. Cubic hydrogen bonded and ionic structures of the 4:4 complex

of HCI and H20 are shown in Fig. 5. For this complex, the ionic isomer is almost 16 kcal/mol

more stable than the hydrogen-bonded one. The binding energy of the ionic structure is 72

kcal/mole at the MP2/TZP level, well over four times that of the 2:2 ionic structure. The ionic

structure has four equivalent H3 O+ fragments with all three O-H bonds pointing toward Cl

ions. Although the hydrogen-bonded isomer is less stable than the ionic one, it is still

considerably stabilized relative to the 1:1 and 2:2 complexes since there are now no "dangling"

hydrogen bonds. The C1H...OH2 hydrogen bonds are extremely short, only 1.58 ,_, compared

to 1.70 ,_ in the 2:2 complex and 1.86/k in the l" l complex. The H-C1 bonds are about 0.06 ,_

longer than in the isolated H-CI molecule. The hydrogen bonding energy, about 56 kcal/mol

(MP2/TZP level of theory), is 2.5 times that of the 2:2 complex and 8 times that of the dimer.

Although we have not estimated the height of the barrier between the ionic and hydrogen

bonded isomers of the 4:4 complex, we believe that both structures are stable and it is possible

to isolate each of them experimentally. To help identify the species, we have calculated harmonic

vibrational frequencies for both isomers. The harmonic frequencies above 1000 cm-1, as well as
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thecorrespondingharmonicintensities,arelistedin Table9. Thehydrogen-bondedstructure

hastwo very intenseH-C1stretchesatabout2200cm"1(harmonicvalues).Thesevibrationscan

beexpectedto beevenmoreanharmonicthantheH-CI stretchingvibrationsof smaller,2:2and

1:1complexes.CC-VSCFcalculationsfor suchalarge(20atom)systemarecomputationally

verydemandingdueto thelargenumberof requiredpotentialsurfacepoints.Therefore,we

estimatetheanharmoniceffectsbasedon theCC-VSCFresultsfor smallercomplexes.

AssumingthattheanharmoniceffectsontheH-CI stretchesof the4:4 complexareabout300

cm-1 (only slightly largerthanfor the2:2complex),weobtainanestimatedH-CI stretching

frequencyof approximately1900cm-1. Similarassumptionssuggestthatthefourhigher

frequencyO-H stretchesshouldbelocatedaround3626cm-1,while thefour intermediateones

should appear around 3470 cm-1.

The O-H stretches of the 4:4 ionic structure display quite a different pattern from that of

the 2:2 ionic complex: both the highest and the lowest frequency stretches disappear. This is

due to the fact that all of the O-H bonds in the 4:4 complex are equivalent. They are elongated

compared with the free O-H distances, but not to the same extent as the bonded O-H stretches

in the 2:2 ionic complex. Consequently, all the O-H stretch vibrational frequencies of the 4:4

ionic complex are located in the region of 3100 cm-1 in the harmonic approximation, and

probably shift to about 2800 cm-1 when anharmonicity is included. This is intermediate

between the free O-H stretches (3600-3700 cm-1) and the extremely elongated O-H stretches

of the 2:2 complex (2000-2100 cm" 1). These 2800 cm-1 frequencies can serve as a fingerprint

of the (HCI)4.(H20) 4 ionic structure for experimental identification.

Whereas the (HCI).(NH3) complex is found to switch to the ionic form for the 2:2

combination, that of (HCI).(H20) becomes ionic for the 4:4 combination. Since the ionic

isomer is calculated to be about 16 kcal/mole more stable than the hydrogen bonded one, the

vibrational motions may be well behaved enough that the anharmonic frequencies estimated here

are reasonable approximations to the true frequencies. The highly symmetric, near cubic,

structure of the ionic complex results in a rather simple predicted OH stretch spectrum with an



18

extremelyintensepeakat 3100cm-1 in theharmonicapproximation,whichweexpectto shiftto

about2800cm-1whenanharmonicityis included. As synthetic techniques for mixed clusters

improve, the observation of this species will be especially exciting.

Although the main focus of this paper has been the infrared spectroscopy of two classes of

extremely anharmonic molecules, we comment here on the topic of dissociative ionization of

hydrogen halides at ice surfaces. This topic has been the subject of intense theoretical analysis,

most of which has been directed at the question: "How many water molecules are necessary to

dissociate a hydrogen halide." This is a topic of fundamental interest that may have significant

implications for atmospheric chemistry. To this end we wish to draw attention to the significant

cooperative effect of ionizing two hydrogen halide molecules. Already for the (HCI)2-(H20)2

complex the hydrogen bonded structure is only 7 kcal/mole more stable than the ionic one.

This barrier is small enough that it could be surmounted, for instance, by a single quantum of

O-H stretch excitation. It is likely that additional water molecules could further reduce the

barrier. Adding both water and hydrogen chloride molecules achieves a very stable ionic

structure at the 4:4 complex. So, the answer to the question of how many water molecules are

necessary to dissociate hydrogen chloride will certainly depend on whether the hydrogen

chloride molecules are isolated from each other, or whether they are able to migrate toward each

other on the ice surface.

Conclusions

In this study, ab initio MP2/TZP potential energy surfaces are employed to compute

geometrical structures and anharmonic vibrational spectra for the (HCI)n(NH3) n (n=1,2) and

(HC1)n(H20) n (n=1,2,4) complexes. For the complexes with n= 1 and 2, the correlation-

corrected vibrational SCF (CC-VSCF) method is used which explicitly includes

anharmonicity and coupling between different normal modes in the calculated vibrational
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frequencies.Anharmoniceffectsin thesesystemsarefoundto bevery large,andtheir

incorporationtobecrucialfor predictionof reliablevibrationalspectra.

Although1:1HC1-NH3andHC1.H20complexesa._foundto havetraditional

hydrogen-bondedstructures(inagreementwith previousstudies),theH-CI fragmentsof

thesecomplexeshavemuchlongerbonddistancesandhigherioniccharacterthantheisolated

H-CI molecule.Thisresultsin averysignificantredshift of theH-CI stretchingfrequencyin

thesecomplexesaccompaniedby adramaticincreaseof its infraredintensity.Theredshift is

extremelylargein theHCI.NH3complex(840cm-1). Ourcalculatedanharmonicvaluefor

theH-C1strechingfrequencyof thiscomplexis 2i 13cm-1, which isbetweenthevalue

measuredby Andrewseta1.13in aNematrix (2084cm-1) andtheir estimatedgas-phase

valueof about2200cm-1.Observationof this modein thegasphasewouldbeespecially

interesting.However,observationof theH-CI stretchin the 1:1HCI.H20 complexmaybe

easiersincetheredshift is moremodest,240cm-1,whilestill yieldingaconsiderableincrease

in intensity.Ourpredictedanharmonicvaluefor theH-CI stretchin theHC1.H20is about

2700cm-1.

Thetransitionfromhydrogen-bondedto ionic structureis foundto takeplaceatn=2

for complexesof HCI withammoniaandatn=4 for complexeswithwater. However, in the

1:1HCl/ammoniaandthe2:2HCl/watercomplexes,the ionicstructuresarealreadyclosein

energyto the(morestable)hydrogen-bondedones.Theseionic structuresarenotstablefor

thegasphasecomplexes,butmaybecomemorestableinmatrixenvironmentswith high

polarizationeffects.Thisexplainstheextremesensitivityof theexperimentallymeasured

spectraof theHCI.NH3complexto thematrixenvironment.In theabsenceof truegasphase

spectra,it wouldbeveryadvantageousto obtainspectrain heliumnano-dropletsto minimize

thematrixshiftsonthespectra.Justastheexperimentaldataisverysensitiveto environment,
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the theoretical values are extremely sensitive to the calculated potential. A method such as

direct CC-VSCF (that calculates anharmonic vibrational frequencies for ab initio potential

surfaces) is essential for the systems studied here since empirical force fields, in general, do

not describe the transition from hydrogen to ionic bonding correctly.

We note with special interest the (HC1)2(H20) 2 case: the hydrogen-bonded form is

energetically more stable, but infrared excitation of an O-H or H-CI stretching frequency should

suffice for the cluster to access configurations corresponding to the ionic form. This suggests

the possibility of using time-domain spectroscopy to observe the dynamics of ion formation in

this system.

For the ionic structures that result for (HC1)2-(NH3) 2 and (HCI)4(H20) 4 complexes,

extremely intense transitions appear in regions very different from those of free HCI, NH3,

and H20 molecules, and from those of the hydrogen-bonded complexes. For the

(HCI)2.(NH3) 2 complex these are predicted to occur at about 2470 cm-1 while for the

(HC1)4(H20)4 complex they occur in the region of 2800 cm" 1. Therefore, these ionic

complexes are quite promising candidates for an experimental search.

Finally, we note that the cooperative effects in the "solvation" of hydrogen halides are

extremely important. Thus, while four water molecules may not be sufficient to ionize a

single hydrogen chloride molecule, the same four water molecules can easily ionize four

hydrogen chloride molecules.
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Figure Captions

Figure 1. Equilibrium structures (angs.) and partial charges of hydrogen-bonded and ionic

complexes of NH 3 and HCI, obtained at the MP2/TZP level of ab initio theory.

Figure 2. Equilibrium structure (angs.) and partial charges of the hydrogen-bonded

complex of HCI with H20, obtained at the MP2/TZP level of ab initio theory.

Figure 3. Equilibrium structures (angs.) and partial charges of the hydrogen-bonded and

Ionic compexes of 2HC1 with 2H20 (MP2/TZP level of theory).

Figure 4. Reaction path for rearrangement between ionic and hydrogen-bonded str,_ctures

of (HC1)2-(H20)2 complex.

Figure 5. Equilibrium bond lengths (angs.) and partial charges of the hydrogen-bonded and

ionic compexes of 4HCI with 4H20 (MP2/TZP level of theory).
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Table1.Bindingenergies(kcal/mol)for comp!exesof NH3 with HC1,calculatedat the

MP2 levelof abinitio theorywith differentbasissets.

..S.c..stem...........................B_is..set...............................De,kcal/mol

NH3.HCI DZP

TZP

TZP+bsse*

TZ++P

TZ++P + bsse

aug-cc-pVTZ

9.4

9.7

7.6

9.9

7.5

9.2



25

Table2. Vibrationalfrequencies(cm-1)andIR intensities(km/mol)of fundamentalexcitations
for HCI---NH3complexandNH3 andHCI molecules(MP2/TZPlevelof theory).

NH3 HCIHC1---NH3complex +
............................................................................................ _o,,-., .........................................................................................................................

mode ............fre..quencjes ............intensities., frequencies intensities interpretation

harm CC-VSCF harm CCT.V..S..CF.......e.xp:. .....................................................................
........... ,..._ .................... °°, ......................................... • ........ °°°.: ....... °°. ....... *°*o ........

1 3681

2 3681

3 3533

4 2403

5 1676

6 1676

7 1170

8 798

9 798

10 230

11 230

12 189

3463 16

3448 16

3336 0

2113 1692

1613 30

1621 30

1154 166

818 71

818 71

437 15

432 15

176 23

3713 3512 3444 4 NH stretch

3713 3467 3444 4 NH stretch

3553 3392 3337 0 NH swetch

3049 2949 2991 28 HClstretch

1689 1627 1627 26 NH3bend

1689 1625 1627 26 NH3bend

1055 899 950 214 NH3 umbrella
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Table3.CC-VSCFvibrationalfrequencies(cm-1)andIR intensities(km/mol)of thefirst
overtoneexcitationsfor HCI---NH3complexandpureNH3 andHCI molecules

(MP2/TZPlevelof abinitio theory).

HC1---NH3complex NH3 + HC1

..m_e..........fre..q.................!n.t.._ns:..............fre..q...............!nt.e..n..s:.........!..n.te_etat!on.....
1 7019 0

2 6997 0

3 6658 0

4 3900 66

5 3221 0

6 3241 0

7 2192 0

8 1659 2

9 1659 2

10 1002 0

11 982 0

12 340 2

6883 0 NH stretch

6738 0 NH stretch

6711 0 NH stretch

5799 1 HCI stretch

3246 0 NH3 bend

3249 0 NH3 bend

1585 11 NH3 umbrella
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Table4. Vibrationalfrequencies(cm-1)andIR intensities(km/mol) for (HC1)2-(NH3)2

complex(MP2FFZPlevelof abinitio theory).

modei frequencies intensitiesi interoretation

harm !CC-VSCF

1 3660 3456 125 freeasymNH stretch
2 3660 3456 2 freeasymNH stretch

3 3573 3333 0 freesymNH stretch

4 3572 3377 176 freesymNH stretch

5 2820 2408 0 bondedsymNH stretch

6 2804 2466 i 3717 bondedasymNHstretch
7 2781 2469 2691 bondedsymNH stretch

8 2622 2162 0 bondedasymNH stretch
9 1749 1688 0

10 1720 1668 0

11 1718 1666 27

12 1717 1665 0

13 1588 1554 125

14 1573 1538 0

15 1537 1507 0

16 1511 1482 258

17 1432 1395 46

18 1410 1372 0

19 502 592 34
20 444 550 0

21 304 430 0

22 299 305 0 N-N, CI-CIstretch

23 295 304 228 N-C1stretch

24 292 296 196 N-CIstretch
25 289 422 0

26 223 364 1

27 222 214 0
28 217 364 0

29 90 89 0 C1-C1,N-N stretch
30 63 108 70
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Table5. Bindingenergies(kcal/mol)for complexesof H20 withHCI, calculatedatthe

MP2 levelof abinitio theorywith differentbasissets.

..System.........................Basisset De,kcal/mol

H20.HCI

(H20)2.(HCI)2

H-bonded

ionic

(H20)4.(HCI)4

H-bonded

ionic

DZP

TZP

TZP + bsse*

aug-cc-pVTZ

aug-cc-pVTZ+ bsse

TZP

TZP

TZP

TZP

6.4

6.6

5.4

4.5

4.0

22.7

15.8

55.7

72.0

*basissetsuperpositionerrorcorrection
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Table6. Vibrationalfrequencies(cm-1)andIR intensities(km/mol)of fundamentalexcitations
for HC1---H20complexandH20 andHCI molecules(MP2/TZPlevelof theory).

HC1---H20complex H20 + HCI

mode............fre..cluenc.!es............intens!tie.s.............................fre..qu.encies...................!nt.e.ns.!fies..inte..w.ret..ation....

harm CC-VSCF harm CC-VSCF exp.. ..........................................
............... _ ................ o...................... o°* ........................... oo°° ........................... o° ..............................................................

1

2

3

4

5

6

7

8

9

4004 3762 86

3871 3647 20

2836 2709 625

1621 1561 73

607 673 94

446 579 111

179 407 169

173 460 13

155 324 85

4015 3797 3756 49 OH stretch

3877 3691 3652 5 OH s_etch

3049 2949 2991 28 HCIstretch

1603 1547 1595 77 H2Obend
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Table7.CC-VSCFvibrationalfrequencies(cm-1)andIR intensities(km/mol)of thefirst
overtoneexcitationsfor HC1---H20complexandH20 andHC1molecules

(MP2/TZPlevel of abinitio theory).

HCI---H20 complex H20 + HC1

mode frequencies intensities frequencies intensities interpretation

...c....c.-v.s...C..F......exp..:.......................................................................
1

2

3

4

5

6

7

8

9

7692 0

7217 2

5216 0

3107 1

1373 1

1263 0

1046 1

911 1

715 0

7472 7445 0 OH stash

7303 7202 1 OH s_e_h

5799 1 HCistretch

3081 3152 2 H20 bend
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Table8.Vibrationalfrequencies(cm-1)andIR intensities(km/mol) for hydrogen-bonded
andcharge-separated(HCI)2-(H20)2complexes(MP2/TZPlevelof abinitio theory).

10

11

12

13

14

15
16

17

18

19

20
21

22

23

24

harm

1 3963

2 3963

3 3787

4 3780

5 2568

6 2526

7 1644

8 1640

9 852

778

609

588

500

447

340

318

215

206

177

172

133

119

51

19

CC-VSCF

3673 305 asym OH str

3688 4 asym OH str

3478 476 sym OH str

3498 0 sym OH str

2296 2163 HCI str

2237 0 HCI str

1597 0 H20 bend

1596 76 H20 bend

845 0

774 206

654 262

634 0

603 184

591 0

473 118

437 0

261 70 C1-Ostr

279 0 CI-O str

375 0

382 155

143 18 C1-O str

114 0 CI-Ostr

67 0 C1-CI, o-o str

14 0 out of plane

harm CC-VSCF

3869 3603 1 free OH str

3868 3548 298 free OH str

2466 2036 0 bonded sym OH str

2388 2095 4439 bonded sym OH str

2315 2007 6552 bonded as OH str

1881 1431 0 bonded as OH str

1729 1593 0 HOH bend

1656 1522 140 HOH bend

1598 1487 77 HOH bend

1527 1330 0 HOH bend

1237 1153 1 H3 O+ umbrella

1231 1157 513 H3 O+ umbrella

852 882 9

737 767 0

498 516 47

495 512 0

391 429 0

386 415 160

362 381 0 CI-C1, O-O str

358 388 239 C1-O str

354 372 158 C1-O str

138 82 0 CI-Ostr

104 100 0 CI-CI, O-O str

53 71 29 out of plane
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Table9. Thehighest(>1000cm-1)harmonicvibrationalfrequencies(cm-1)andIR intensities

(km/mol) for hydrogen-bondedandcharge-separated(HCI)4-(H20)4 complexes
(MP2/TZPlevel of abinitio theory).

H-bonded ionic
., ........... ..!., ....... ,..., .................. , ........... ...,, ........................... °,.**..,,.,: ..................................................................................... ,,... ....

..m.._...._..h._:..fre.q:......int.ens:....in_ep..retat!.on i harm. fre.q, intens, interpretation
....... ,.. ""°" .................. , ......... ° ...................................................... °...,

1 3895 648 asym OH str 3140 0 sym OH str
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

3889 387 asym OH str

3889 310 asym OH str

3882 2 asym OH str

3784 145 sym OH str

3784 147 sym OH str

3782 8 symOHstr

3781 260 sym OH str

2233 3627 HC1 str

2233 3919 HCI str

2183 64 HC1 str

2140 I1 HCI str

1666 62 H20 bend

1651 34 H20 bend

1651 39 H20 bend

1648 1 H20 bend

3125 18I asymOHstr

3124 163 aymOHstr

3123 171 symOH str

3100 5537 bonded OH str

3097 5541 bonded OH str

3097 5562 bonded OH str

2889 0 bonded OH str

2889 0 asym OH str

2888 0 asym OH str

2885 0 asym OH str

2885 0 asym OHstr

1755 0 HOH bend

1755 0 HOH bend

1740 99 HOH bend

1740 98 HOH bend

1740 97 HOH bend

1697 0 HOH bend

1697 0 HOH bend

1697 0 HOH bend

1381 0 H30 + umbrella

1315 749 H30 + umbrella

1314 744 H30 + umbrella

1313 745 H30 + umbrella
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Figure 1. Equilibrium structures (angs.) and partial charges of hydrogen-bonded and ionic

complexes of NH 3 and HC1, obtained at the MP2frzP level of ab initio theory.
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Figure4. Reactionpathfor rearrangementbetweenionic andhydrogen-bondedstructures
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